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Abstract—Campylobacter jejuni infection is a main source of severe gastroenteritis-related illnesses in humans and there is also evi-
dence that it may be linked to neurological disorders. C. jejuni 81-176 is a virulent strain that has become the global model in the
study of mechanisms and pathogenesis of C. jejuni infection. For this reason, we were engaged in studying the fine structures of cell-
surface carbohydrate antigens of C. jejuni 81-176, namely, the capsule polysaccharide (CPS) and lipooligosaccharide (LOS). Sero-
logically, C. jejuni 81-176 has been classified as belonging to serogroups HS23 and HS36, and indeed previous studies have shown
that the LOS and CPS structures possess components similar to those expressed by serostrains HS23 and HS36. Here, we describe
that in addition to the LOS and CPS, this strain also produced an independent cell-surface (1!4)-a-glucan capsule.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Human illnesses due to food-borne pathogens remain a
medical problem worldwide.1 Infections caused by inges-
tion of Campylobacter jejuni are one of the main sources
of human gastroenteritis,2 and some studies have inferred
that infection by this microorganism may lead to neuro-
logical disorders.3C. jejuni 81-176 is a highly virulent clin-
ical isolate4 that is commonly used in studies delving into
the infection mechanism of Campylobacter.5 In addition
for being responsible for strain serospecificity,6 the cell-
surface capsule polysaccharides (CPS) of C. jejuni have
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been shown, to some extent, to be responsible for serum
resistance, epithelial cell invasion and pathogenicity.7

Serologically, C. jejuni 81-176 has been classified as
belonging to serogroups HS23/HS36.7 Aspinall and
co-workers8,9 showed that the LOSs of C. jejuni HS23
and HS36 serostrains were indistinguishable, and that
the serodeterminant CPSs (shown below) were com-
posed of trisaccharide repeating blocks composed of
3-substituted DD-galactose (Gal), 3-substituted N-acetyl-
DD-glucosamine (GlcNAc) and variable structural forms
of 2-substituted DD-altro-DD-heptose (6-deoxy and/or
3-O-methyl derivatives):
glycero -α-D-altro -D-Hep-(—1]n→ 

1]n→ O-Me-D-glycero -α-D-altro -D-Hep-(—
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Recent nuclear magnetic resonance (NMR) spectro-
scopy-based studies carried out on C. jejuni 81-176
CPS10 indicated that in fact it contained similar struc-
tural features as those found in the CPSs of serostrains
HS23/HS369 (shown above).
However, C. jejuni strain 81-176 has been shown to

produce two extracellular glycans. Mutation of the
kpsM gene, encoding a component of an ABC trans-
porter involved in capsule transport, resulted in loss of
the high molecular weight (HMW) serodeterminant
CPS as determined by immunoblotting.7 However, a
second glycan structure, which was originally obscured
by the HMW CPS, was visible as a ladder-like structure
in the kpsM mutant. This structure appeared to be
anchored in the membrane by phospholipids and not
lipid A.7 Here, we describe the structural results
obtained from studies on the second capsule produced
by C. jejuni 81-176.
2. Experimental

2.1. Bacterial growth conditions

C. jejuni 81-176 wild-type and kpsM mutant7 strains
were maintained as stock cultures at 80 �C in 40% gly-
cerol Brucella broth. C. jejuni were grown routinely on
Mueller Hinton (MH) agar under microaerobic condi-
tions. The kpsM mutant was grown on MH supple-
mented with 50 lg/ml kanamycin.
2.2. Extraction and purification of capsule materials

Cells of C. jejuni wild-type 81-176 and kpsM mutant
were subjected to hot water–phenol extraction according
to Westphal and Jann11 for extraction of cell-surface
glycans. The aqueous layer was dialyzed against distilled
water and lyophilized. This crude material was then
taken up in distilled water and ultracentrifuged at
40,000 rpm for 15 h at 4 �C. The pellet contained LOS
and the supernatant contained non-lipid A containing
glycans. The supernatant was lyophilized and fraction-
ated on Bio-Gel P-4 column (1 m · 1 cm) with distilled
water as the eluting solvent. Both C. jejuni 81-176
wild-type and kpsM mutant preparations yielded one
fraction at the void volume.
2.3. Sugar composition analysis and linkage site analysis

Sugar composition analysis was performed by the alditol
acetate method.12 The glycosyl hydrolysis was done in
4 M trifluoroacetic acid at 100 �C for 4 h followed by
reduction in H2O with NaBD4 at room temperature,
and subsequent acetylation was accomplished by Ac2O
treatment with residual sodium acetate as the catalyst
at 100 �C for 1 h. Alditol acetate derivatives were ana-
lyzed by GLC using a Varian 3400 gas chromatograph
equipped with a 30-m DB-17 capillary column (210 �C
(30 min) ! 240 �C at 2 �C/min), and by GLC–MS in
the electron impact mode, which was recorded using a
Hewlett Packard 5890 mass spectrometer. Enantiomeric
configurations of the individual sugars were determined
by the formation and characterization of the respective
2-(S)- and 2-(R)-butyl chiral glycosides.13 Sugar linkage
analysis (1 mg) was carried out by the methylation pro-
cedure14 (NaOH/Me2SO/CH3I) procedure and with
characterization of permethylated alditol acetate deriva-
tives by GLC–MS in the electron impact mode (DB-17
column, isothermally at 190 �C for 60 min).

2.4. Nuclear magnetic resonance spectroscopy

1H and 13C NMR spectra were recorded on a Bruker
AMX 400 spectrometer at 295 K using standard Bruker
software. Prior to performing the NMR experiments,
the samples were lyophilized three times with D2O
(99.9%). The HOD peak was used as the internal refer-
ence at dH 4.821 for 1H NMR spectroscopy.
3. Results

3.1. Structural analysis of wild-type C. jejuni 81-176
capsule materials

Overall monosaccharide analysis performed on the high
Mr water-soluble material revealed the presence, in
quasi-equimolar concentrations, of DD-Gal, 6-deoxy-3-
O-Me-DD-altro-heptose (6d-3-O-Me-Hep), DD-GlcNAc,
and minor traces of 6-deoxy-altro-heptose (6d-Hep)
and DD-glycero-DD-altro-heptose (DD-Hep), units that
make up the serodeterminant CPSs of serostrains
HS23,9 HS369 and strain 81-176.10 Our chemical analy-
sis showed that the heptose residue in wild-type C. jejuni
81-176 was mainly present as the 6d-3-O-Me-Hep deriv-
ative and only minor traces of the 6d-Hep and DD-Hep
were detected. In addition to the expected sugar units of
the serodeterminant CPS, the monosaccharide composi-
tion analysis also furnished DD-glucose (Glc) as a major
constituent of the water-soluble material. A sugar link-
age analysis (Fig. 1) yielded the anticipated 3-substituted
Gal [!3)-Gal-(1!], 2-substituted 6d-3-O-Me-Hep
[!2)-6d-3-O-Me-Hep-(1!] and 3-substituted GlcNAc
[!3)-GlcNAc-(1!]. However, besides the expected
sugar linkages from the published CPS structures,10,11

we also observed the presence of terminal Glc [Glc-
(1!], 4-substituted Glc [!4)-Glc-(1!] and traces of
4,6-disubstituted Glc [!4,6)-Glc-(1!], in line with our
sugar composition data described above. We also char-
acterized permethylated alditol acetate derivatives of
terminal Gal [Gal-(1!] and 2,3-disubstituted Gal



Figure 1. 1H NMR spectrum of the (1!4)-a-glucan capsule extracted
form C. jejuni 81-176 kpsM mutant.
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[!2,3)-Gal-(1!] that could not be placed within the
framework of the known CPS structure. The 1H NMR
analysis of this material revealed anomeric resonances
belonging to the serodeterminant CPS units, which have
been reported in earlier studies,9,10 but also yielded unre-
ported a-anomeric resonances at d 5.42 and d 5.25. We
found that the presence of this new a-anomeric reso-
nance at d 5.42 and the Glc derivatives described above
varied between bacterial cell growths and thus we sus-
pected that these units may be part of an independent
phase-variable capsule material. Subsequently, we
impeded the expression of the serodeterminant CPS in
C. jejuni 81-176, by insertional mutagenesis in the kpsM
gene, with the intent of studying other capsule material
not structurally associated to the serodeterminant CPS.

3.2. Structural analysis of capsule material from C. jejuni
81-176 kpsM mutant

Monosaccharide composition analysis of the water-solu-
ble material extracted from cells of C. jejuni 81-176
kspM showed that DD-Glc was present as the sole compo-
nent. No CPS-related residues were observed. Linkage
analysis showed that Glc was present mainly as a
4-substituted residue and, in lesser concentrations, as
terminal and 4,6-disubstituted Glc. The 4-substituted
Glc was present in the a-anomeric configuration as
shown by resonance at dH 5.42 (J1,2 2.0 Hz) in the 1H
NMR spectrum. A 2D 1H–13C HSQC also yielded a sole
carbon a-anomeric resonance at dC 100.1. We were able
to assign H-2, H-3 and H-4 resonances of the 4-linked
Glc ring system by 2D 1H–1H NMR correlation spec-
troscopy experiments (COSY and TOCSY). The
observed chemical shifts of the Glc ring protons were
dH-1 5.42, dH-2 3.64, dH-3 3.98 and dH-4 3.66. A 2D
1H–1H NOESY experiment furnished an inter-spatial
connectivity between H-1 and H-4 and an intra-spatial
connectivity between H-1 and H-2. Together, the analyt-
ical and spectroscopic data revealed that the capsule
material produced by C. jejuni 81-176 kpsM mutant
was a carbohydrate in the form of a 4-linked a-glucan.
4. Discussion

We described here that, in addition to the serodetermi-
nant CPS, C. jejuni 81-176 produces a 4-linked a-glucan
as a cell-surface polysaccharide. Ratios from sugar link-
age analysis indicated that the 4-linked a-glucan had an
average length of 25 residues. Small amounts of 4,6-
disubstituted Glc were also observed, which suggested
that, although infrequent, there exist regions of branch-
ing along the 4-linked a-glucan backbone. Also note-
worthy, was the finding of an unanticipated 2,3-
disubstituted Gal residue in the water-soluble prepara-
tion of wild-type C. jejuni 81-176, which may account
for the appearance of yet characterized resonances in
the 1H NMR spectrum of C. jejuni 81-176. This link-
age-type had not yet been described in past studies of
C. jejuni 81-176 and its exact location, either within
the serodeterminant CPS or elsewhere, is under investi-
gation in our laboratory.
The role of the second a-glucan capsule structure in

the biology and pathogenesis of C. jejuni 81-176 remains
to be determined. The serodeterminant CPS of strain 81-
176 has been shown to undergo a phase variation such
that 22% of individual colonies were not expressing this
structure. Thus, a population of 81-176 cells is a hetero-
geneous mixture with some cells expressing only the
a-glucan structure and some expressing both capsular
structures. A kpsM mutant invaded intestinal epithelial
cells at about 10% the levels of wild type and this reduc-
tion in invasion was also reflected in attenuation in a fer-
ret disease model.7 These data might suggest that there
are advantages in expressing alternate capsule structures
at different times in the life cycle of the bacterium or in
different environments. Additional work is ongoing to
identify a biological role for the a-glucan structure and
to further understand its biosynthesis.
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